The main object of the present trials was to ascertain whether ill effects attributable to cordite could be reproduced experimentally. Additional aims were to obtain information on (1) the mode of absorption. of cordite, (2) the influence of cordite fumes on the efficiency of operatives at ambient and at high wet-bulb temperatures, (3) the occurrence of any acquired immunity, (4) the extent, if any, to which carbon dioxide might contribute to the symptoms, and (5) the concentration of nitrogen dioxide and carbon monoxide released during cordite handling in addition to the vapour of nitroglycerine.
Methods
Trial Room.-A trial room ( fig. 1 , p. 230) was erected in a building provided with steam and dry heat. The plan ( fig. 2) shows the dimensions of the two parts of the airtight room-(l) the space (380 cu. ft.) in which four subjects and two observers were accommodated, and in which the cordite was handled and (2) the stowage section at one end, in which twenty cordite cases were stacked in five horizontal rows of four each ( fig. 3 ). In the hot experiments the trial room was heated by raising the temperature of the outer room. Some control over the dry-bulb temperature was obtained by regulating the steam heating and by spraying the metal roof of the trial room, on to which a fan was directed.
Subjects.-The subjects were eight healthy young men of aged 20 to 25 years, who were medically examined and had their chests radiographed before leaving barracks. They were arranged in two teams of four, each team subdivided into two pairs.
Clothing.-Clothing consisted of a single-piece overall worn over a pair of shorts, anti-flash helmet (with mask), anti-flash gloves, socks, and plimsolls. One member of each pair wore in addition a rubber apron, with full length sleeves, extending from neck to knees. The antiflash gloves were replaced by rubber gauntlet gloves into which the sleeves of the apron were tucked. This dress protected the wearer's skin from contact with the cordite, and was worn by each man on alternate days.
Cordite.-The cordite was packed in metal cases containing two charges each of 96 lb. weight. It had been stoved for five months at 1200 F. Each charge consisted of many cylindrical cordite rods (average diameter 0-2 inches) enclosed in a silk bag.
Analysis of carbon dioxide, nitrous fumes (nitrogen dioxide), and carbon monoxide of the air within these cases revealed marked variations from case to case. Since full analysis of the gases was possible in a limited number only, the cases were arranged on the basis of their carbon dioxide content, as this was found to show a fair positive relationship to the carbon monoxide content, but no correlation with the nitrogen dioxide content. The cases to be opened were then preselected so as to give, as far as possible, an equal proportion of these gases during each trial and also during each work period.
Dummy Charges.-These were intended to be replicas of the cordite charges. They weighed 108 lb. (against 96 lb. for the cordite charges) and were packed in pairs in the ordinary cases. The fabric surrounding the dummy was, however, different from that of the cordite charges, and it was not difficult for the men to detect which of the two they were handling.
Observations Air Analysis.-Samples of air taken from the cordite cases, as well as from the experimental room at intervals during the trials, were analysed for nitrogen dioxide by the Greiss-Ilosvay method, for carbon monoxide by the iodine-pentoxide method, and for oxygen and carbon dioxide by Haldane and Orsat gas analysis apparatus. Attempts to estimate nitro-glycerine (N.G.) Blood pressure, rectal temperature, and pulse were taken before and after each work period except in the case of protected men where blood pressure readings had to be omitted after the first and before the second work.
The atmosphere of the trial room was sampled on entry and at the end of the first, second, and third hours.
The procedure on Dummy trial days was identical except that the cordite cases were replaced by dummy cases. The programme of trials is shown in Table 1. As can be seen, the experiments were arranged go that (a) dummy experiments preceded and followed the two cordite trials in both ' hot ' Dummy ( 72-3 66 6 3-6 Dummy (64-8-76-9) (59-2-71-3) Dummy ( It is also interesting that in the dummy trials in which air was analysed the nitrogen dioxide and carbon monoxide concentrations were of the order found in some of the hot cordite trials. This may indicate the difficulty of ensuring the complete absence of cordite gases from the vicinity. CO2 Concentrations.-The concentrations reached at the end of the trials are shown in Tables 2 and 3 . These are, physiologically speaking, quite high, but it must be remembered that concentrations over 3 per cent. were only breathed during the last hour of the experiment. It will be noted that the carbon dioxide percentages are, with two exceptions, lower at the end of dumnmy trials than at the end of cordite trials. The probable explanation is that the two observers had a good deal more physical exertion to perform during the cordite runs, in taking off the lids which were often almost immovable, and in groping for and extracting a wooden disc from the BRITISH JO URNAL, OF INDUSTRIAL MEDICINE far end of the cylinder. As is reported below, the oxygen cost of the work was not substantially different, whether dummy or cordite charges were handled.
Thermal Conditions.--!During exposure at temperate conditions (Table 2 ) the dry-bulb and wet-bulb temperatures rose rapidly in the first half hour by 20 to 50 F. in different experiments, and then more slowly in the remaining hour and a half-a further 30 to 60 F. In some of the high-temperature experiments (Table 3) the rise in dry-bulb temperature was only 20 F.'throughout, owing to the improved control measures which were instituted as a result of experience. The wet-bulb, however, as in the cooler conditions, rose rapidly in the first twenty to thirty minutes and then more slowly. It should be noted that during the most important, part of the exposure, namely, for three out of the four work periods performed by the two teams, the temperature rise was only about 20 F. in dry bulb or wet bulb. At high temperatures this increase means, of course, that the' second work was done at a wet-bulb temperature physiologically appreciably more severe thian that of the first work spell. Table 2 shows that both teams performed one cordite trial at temperatures a little below either of the dummy runs. On the whole the differences between the series of dummy and cordite trials have not been regarded as significant from the view point of the present trials.
The results of the temperate trials of both teams have accordingly been treated together.
In the case of the trials at high temperatures it has been thought better, for the most part, to treat the results for the two teams separately. As cordite coverings were sticky, and this made it rather more difficult to remove the charges from the cylinders.
In the event the actual determinations of oxygen consumption gave a resut very similar for the two types of charge; the cost of twenty minutes' handling of either cordite or dummy, followed by thirty minutes' recovery, was, for a subject (CO) well practised in the method, 240 kg. calories per hour. The oxygen cost of the work itself, measured after a preliminary ten minutes work, was found to be 310 kg. calories per hour. Wearing the rubber gloves and apron in the cold did not increase the oxygen cost appreciably.
Physiological Findings Subjective Effects.-On cold cordite trials every person taking part experienced irritation of the nose and throat, which caused intense congestion of the nasal mucous membrane, sneezing, and coughing. This passed off, but was noticed again every time a fresh batch of cases was opened. This irritant effect was less noticeable on hot cordite days.
Tables 4 and 5 set out the incidence of headaches during and after the work routine throughout the *experimental series. At ambient air temperatures the Tables show that headaches were complained of both by the observers and by subjects handling cordite. Headaches were noticed during the first work spell in some cases, but were reported on more frequently after the commencement of the second spell. On the first cordite day, at ambient temperatures, five of the eight subjects reported symptoms during the second work, and, after leaving the experimental room, six of the eight reported headaches. The two subjects who did not complain, namely COW of team A and JA of team B, appeared to be consistently immune in this respect, both in these trials and in those at high temperatures. A comparison of the second cordite day with the first cordite day at both temperatures with regard to incidence of headaches suggests that some immunity or tolerance was acquired; the intensity of the headache was also, on the whole, less severe.
During the two days when cordite was handled in hot surroundings, headaches were reported during exposure by the subjects of te4m B only; one subject of team A complained of headache only after leaving the room. The observers of both teams complained of headaches on six out of eight exposures. In all, seven out of twelve individuals exposed suffered headaches on the first cordite day and five out of twelve on the second. The incidence in hot conditions appears to be less than in the cold series. The character of the headache was similar, but on the whole less severe.
The outstanding characteristics of the headache were its severity and its frontal situation (which was invariably reported). With time the headache often spread to the vertex. Unlike some reports in the literature, the headache was never described as " throbbing," though one individual said it " lifted the top of his head off." In many cases the headache passed off for a while during the trial, but returned later, usually on leaving the trial room, and persisted a variable time up to, twenty-four hours. When severe there were symptoms of nausea, and in several cases there were complaints of abdominal pain.
Fitness Rating. -Tables 4 and 5 that is to say, over and above the fall due to heat alone. The proportion of observations in which this fall was demonstrated was fourteen out of sixteen (sitting) and fifteen out of sixteen (standing).
Tis effect of cordite has been analysed statistically (Table 8) by taking results comparable as regards clothing, the individual, and the temperature conditions. The mean dfference between the change in S.B.P. in the dummy and cordite trials respectively, as compared with its standard deviation, gives a ' t ' test result of P=0 05 to 0-02 (sitting and standing) in temperate conditions, and P=0-001 (sitting and standing) in hot conditions. The probability, therefore, of the present findings occurring as the result of random variations is small.
A more detailed analysis of the data for the' two teams, both in the cold and in the heat, revealed no regular difference between protected and unprotected clothing.
INDUSTRIAL MEDICINE
The diastolic blood pressure almost invariably rose during the trials. Tables 6, 7A ,'and 7B also show that the pulse pressure nearly always diminished more during cordite trials than during dummy trials. (Tables 6, 7A , and 7B). Wearing the protected clothing increased the pulse-rate in both the hot and the cold trials. The effect of cordite was not consistent throughout. In the cold the average increase in pulse rate was greater as the result of handling cordite. This was shown also in the heat by team A, but not by team B.
Pulse and Respiratory Rates
The respiratory rate increased more in the cordite trials than in the dummy trials. This was possibly due to the somewhat higher carbon. dioxide concentration attained during the cordite experiments (Tables 2  and 3 ). CoI.4
Before After Before After (4)~~ (5) 
(5) U=Anti-flash without protective garments. P=Anti-flash with protective garments.
TOXIC EFFECTS OF CORDITE Discussion The 'experiments detailed above make clear the detrimental effects of handling cordite as compared with handling dummies, both in cool and in hot humid environments. As already mentioned the dummy bags were easily distinguished from the cordite bags; owing to the particular circumstances of the investigation the difficulties in making the bags really comparable could not be overcome. Thus, after stoving-the necessary preliminary to these experiments-the fabric surrounding the cordite charges became discoloured, corroded, andrather. friable. To simulate this covering on the dummies would have required the provision of an identical covering, using perhaps bags in which cordite had previously been stored after all traces of nitroglycerine and their products had been removed. Again, after stoving, the characteristic smell of the cordite would need to be simulated, also a very difficult task.
These differences between the dummy and.cordite days must of course be borne in mind in assessing the significance of the subjective effects associated specifically with cordite handling. Apart from the fact that these particular effects were noted by the observers as well as the subjects and were of a characteristic kind, the general conclusions of this study are based also on the changes in work capacity and blood pressure, and these findings fully support the subjective data.
Effects of Cordite Products.-Nitroglycerine and nitrocellulose are the main constituents of cordite, with a smaller amount of carbamite. Nitrocellulose is not volatile; carbamite has a very low vapour pressure; nitroglycerine has also a low vapour pressure, but has an exceptionally powerful pharmacological effect.
The gaseous products found after " ageing" of cordite are nitrous fumes, carbon dioxide, carbon monoxide, and an unidentified acrid component. The presence of nitroglycerine vapour was inferred from vapour-pressure considerations.
The circulatory effects (headache and fall in blood pressure) experienced by our subjects during cordite trials resembled closely those known to occur after the ingestion or inhalation of nitroglycerine, both in treatment and during the manufacture of explosives (Rabinowitch, 1944) . Apart from nitrovglycerine, other possible causes of the headache are the high carbon dioxide concentration and carbon monoxide poisoning.
Carbon dioxide was not of itself causative since, although it was present in comparable amounts in all trials, no headaches occurred on dummy days, either during exposure or on entering the fresh air. The latter, or " paradox" effect, was not produced, presumably because carbon dioxide at 3 to 4 per cent. was breathed for a relatively short time. Furthermore, headaches often came on in the first hour of the cordite trial before carbon dioxide had reached 1 per cent. By increasing pulmonary ventilation, carbon dioxide would, presumably, increase the absorption of nitroglycerine vapour (and other gases present).
Carbon monoxide was present in such small concentrations that it is unlikely to have had any effect, and was present on one " dummy" trial (May 9, 1946) in amounts comparable to one of the " headache-producing " cordite trials (May 31, 1946) . The maximum figure for any trial was 0-002 per cent. (average for trial, 0-0017 per cent.) on May 7, 1946 . This is quite unlikely to have caused symptoms. The dangerous limit for continuous work is given as 0-01 per cent. by the Air Ministry. Killick-(1936) found negligible symptoms from continuous exposure of over four hours to 0 04 per cent. carbon monoxide while resting. It will be recalled however, that nothing is known about the maximum amounts of carbon monoxide which may occur inside cylinders of " aged" cordite, and the possibility therefore that toxic concentrations of carbon monoxide (and also nitrogen dioxide) may be produced from a batch of stoved cordite cannot be ruled out.
As the present experiments show, heat alone can cause a reduction in the blood pressure of working subjects. Moreover, the collapse noted in association with low systolic blood pressure is similar to heat syncope (Weiner, 1938) . Comparison of hot dummy and cordite trials, however, shows that cordite was specifically responsible for the adverse circulatory effects noted in the present trials.
Nitroglycerine, therefore, remains as the likely factor-producing the ill-effects observed in the present experiments. The presence ofnitroglycerine vapour could not be proved chemically, but, as already stated, it was calculated to be present in minute quantities. The vapour of nitroglycerine is known to be-a powerful poison even when much diluted with air (Laws, 1898), and it must be assumaed that these minute quantities were absorbed through the lungs in amounts sufficient to produce adverse effects in our non-immune men. To determine the role played by nitroglycerine in producing these circulatory effects, further investigation is required, using a pure source of nitroglycerine such as dynamite (nitroglycerine in Kieselguhr).
A study using amounts comparable to the theoretical quantities which our subjects may have absorbed is clearly indicated.
The irritant effects of cordite on the nasal mucosa are probably not due to nitrous fumes. The reasons for ruling-out nitrogen dioxide are first its distinctive and recognizable odour, and, secondly, the extremely low concentration in which it was present in the air of the trial room. The maximum found (0-00067 per cent.) is below the maximum concentration of 0-001 per cent., allowable for an exposure of several hours' duration. Lehmann (1939) states that 0 006 per cent. is required to produce moderate irritation of the larynx, and that 0-004 per cent. could be tolerated for several hours by many persons.
The clinical features of nitrous fume poisoning include changes in radiographic appearances of the lungs (Camiel and Berkhan, 1944) . Methemoglobin formation, and other alterations in the blood picture have been reported-relative lymphocytosis, eosinophilia, delayed sedimentation rate (Pfenninger, 1944) , and an increase in blood platelet count.
None of the examinations made on these points provides evidence of toxic nitrogen dioxide effects. Radiographs of chests showed no abnormality; methemoglobin could not be detected in any but insignificant amounts (one estimation only); Dr. Case's blood cytological studies also failed to show abnormalities. It is unlikely that the present methods for estimating nitrite in body fluids would reveal the small amounts absorbed either as nitrous fumes or from inhaled nitroglycerine.
Mode of Absorption.-Apart from ingestion by mouth, it is generally recognized that nitroglycerine may be absorbed both by inhalation and through the skin (Rabinowitch, 1944) . Earlier investigators believed that during the cordite handling inhalation of the fumes alone could induce the symptoms. The use of protective clothing in the present trials confirms this belief, since all the adverse effects could be produced in subjects wearing the protective garments. In subjects not so protected there is no doubt that skin absorption of nitroglycerine was possible. The content of nitroglycerine in the anti-flash gloves after cordite handling was appreciable (see under " Results ").
Susceptibility and Immunity.-There is a wide vanration in susceptibility to nitroglycerine (Rabinowitch, 1944) . One of our eight subjects appeared to be unaffected in any way throughout the trials; on the other hand the authors suffered headaches every time they were exposed.
All but 2 to 3 per cent. of nitroglycerine workers acquire an immunity to nitroglycerine after three or four days (Ebright, 1914) which may, however, be lost over the week-end (presumably two days). The workers are said to rub nitroglycerine into their hatbancds to avoid " Monday headache." This immunity is said to be lessened by hot weather and by indulgence in alcohol.
Our programme was planned to allow three days between cordite trials for the subjects, so as to reduce or eliminate any immunity from the previous exposure. It was, however, difficult to avoid slight exposure on intervening days due to diffusion from the closed cordite cases during the laborious procedure of changing the cases at the end of a trial in preparation for the next. This fact would help to explain the lessened evidence of ill-effects on our second cordite exposures. It seems likely also that a pause of three days is not entirely sufficient to abolish acquired immunity.
Summary
The effects were determined of " aged " cordite on the efficiency of young adults handling it in the form of 96 lb. quarter charges, at a moderate rate of work in a small airtight compartment.
At ordinary room temperature cordite products produced no definite impairment of the ability to perform this type of work.
At wet-bulb temperatures of the order of 860 F. the efficiency of the men was definitely reduced.
The main symptoms were those of nitroglycerine poisoning. Nitrous fumes and carbon monoxide were liberated when the cordite cases were opened, but in quantities unlikely to cause symptoms.
Comparative trials conducted on a group of men protected against the absorption of cordite through the skin by impermeable rubber gloves and aprons, suggested that the main channel of absorption of cordite products was by inhalation.
